In this paper, we present an S-BVT architecture and its building blocks for multi-adaptive optical transmission in software defined networks (SDNs). We particularly focus on the S-BVT design options, based on multicarrier modulation (MCM), with the ability of generating multiple bands and flows. This allows to adaptively vary the rate, format, bandwidth and reach with fine granularity and large scalability. To fully exploit the versatility, programmability and multiple functionalities of the S-BVT, its integration in an SDN is envisioned, targeting an optimal usage of the network resources. Furthermore, related results obtained within the ADRENALINE testbed and in the framework of the EU-Japan STRAUSS project will be reported. Keywords: sliceable bandwidth variable transceiver (S-BVT), software defined network (SDN), multicarrier modulation (MCM), adaptability, programmability.
INTRODUCTION
The huge amount of heterogeneous traffic and the new and bandwidth hungry services to be supported are posing novel challenges and requirements to the metro/regional and aggregation networks. In particular, costeffectiveness and scalability represent key issues. Similar requirements and crucial aspects are also related and applicable to data center (DC) connectivity. Programmable adaptive transceivers are arising as key enabling elements to face the challenges of the rapid growth of traffic and services of future optical networks [1] .
Particularly, the software-defined sliceable bandwidth variable transceiver (S-BVT) plays an important role in the operation of next-generation optical networks. It is able to concurrently serve multiple endpoints or either the same node via multiple lightpaths, as a set of virtual transceivers, providing variable (per flow and aggregated) capacity. The S-BVT can be programmed to support the remote control and configuration of its elements, parameters, functions and operation modes. Thus, its integration in a software defined network (SDN) enables the on-demand configuration of programmable network functions, such as rate, bandwidth, path adaptation, and slice-ability, to handle variable granularity (including the sub-wavelength level) [2] . In this context, the transceiver modularity and the transmission technology choice are fundamental for the S-BVT architecture design envisioning a migration towards a more flexible paradigm and targeting SDN-enabled advanced functionalities. The adoption of an S-BVT architecture based on multicarrier modulation (MCM) technology -namely orthogonal frequency division multiplexing (OFDM) and, its simplified variant, discrete multitone (DMT) -appears particularly attractive as it allows spectral manipulation at the subcarrier level. This enables a per subcarrier (self-)monitoring and optimization of transmission performance and capacity, according to traffic demand, available bandwidth and path/channel condition. Furthermore, for cost-sensitive applications, optoelectronic front-end based on simple direct detection (DD) represents a convenient choice.
In the STRAUSS project, the OFDM technology combined with digital signal processing (DSP) and DD has been proposed as a key enabler to design a cost-effective SDN-enabled S-BVT with advanced features, targeting inter-data center communication and elastic metro/regional networks [3] .
In this paper, the guidelines for the design of a multi-adaptive S-BVT and its building blocks will be provided and possible alternatives discussed. The multi-adaptive transmission and the multiple functionalities of the S-BVT enable to achieve an optimal resource usage in SDN. Furthermore, the latest results obtained within the ADRENALINE testbed will be presented.
MULTI-ADAPTIVE S-BVT
The proposed S-BVT architecture, reported in Fig. 1 , enables adaptive multi-rate, multi-format, multi-reach and multi-flow optical transmission. It is based on MCM, implemented at the adaptive DSP blocks, which include optimal bit/power loading (BL/PL) algorithm, channel signal-to-noise ratio (SNR) estimation, equalization and forward error correction (FEC) selection. This allows configuring the rate and format per subcarrier, as well as the capacity per (active) flow, according to the targeted reach / selected path, channel condition, and traffic demand. For a cost-effective design, simplified optoelectronic modules are adopted at the bandwidth variable transmitter (BVTx) and receiver (BVRx), based on DD. The S-BVT is modular and its capacity/slice-ability can be upgraded adding further adaptive building blocks, up to N bandwidth variable transceivers (BVTs), as indicated in Fig. 1 . 
S-BVT Architecture
The S-BVT enables to generate multiple (N) flows/slices by means of an array of MCM-based sub-transceivers (building block or BVT). Adaptive BL/PL is applied to each DMT/OFDM subcarrier according to the channel profile, by including the Levin-Campello algorithm in the DSP module (see Fig. 1 ). This allows multi-format transmission; furthermore, margin or rate adaptive algorithm option can be selected on-demand to target a fixed rate or maximize it, enabling multi-rate flow/slice. At the DSP, also the slice bandwidth (BW) can be suitably adapted. A simplified front-end is considered with a single digital-to-analog converter (DAC) and an external Mach-Zehnder modulator (MZM) driven by a tuneable laser source (TLS), for flexible optical carrier selection. Indeed, direct laser modulation can be also envisioned to further reduce the S-BVT cost. However, in this case, challenging issues (such as chirp management and tune-ability range) should be taken into account in the transceiver design and carefully addressed. Similarly, DMT or OFDM can be implemented, according to the target network segment and application. Also real-valued DSP can be adopted for the MCM, with the use of alternative transform (e.g. the fast Hartley transform, FHT, instead of the fast Fourier transform, FFT) [4] .
The self-monitoring property of MCM allows acquiring channel state information, to adaptively adjust the S-BVT programmable parameters for a multi-reach transmission. The S-BVRx based on DD includes a simple PIN photodetector and an analog-to-digital converter (ADC) for each sub-transceiver. In order to mitigate the chromatic dispersion and thus extend the achievable reach, for covering the metro/regional network segment, single side-band (SSB) OFDM can be adopted, with or without guard interval [5] . SSB modulation is performed with the bandwidth variable wavelength selective switch (BV-WSS), serving as both flow aggregator and optical filter. Thanks to this programmable element, a multi-flow signal with variable capacity is generated at the S-BVTx. Each flow can be enabled/disabled, selectively aggregated/disaggregated, routed and switched at the BV-WSS and at the network nodes, according to the targeted capacity, reach, path, and destination. In order to lower the number of optoelectronic blocks, relaxing the DAC requirements and/or serving multiple endpoints (depending on the targeted application), multi-band OFDM (MB-OFDM) can be also implemented at the S-BVT building blocks. Figure 2 illustrates alternative radio frequency (RF) mixing. The digital scheme enables a software-defined band tuning over the spectrum, enhancing the system flexibility without requiring any electronic hardware, but requires a single higher speed DAC; the electrical mixing is hardware-based, but relaxes the DAC requirements. Alternatively, the multi-band signal can be also implemented in the optical domain, adopting optical mixing [6] .
MB-OFDM BVTx
The modularity of the S-BVT allows appropriately designing and dimensioning it, according to the network and/or application targets. Each flow/slice can be individually generated and adaptively shaped at the subwavelength level to be further aggregated at the super-wavelength level, offering a wide range granularity and scalability. The S-BVT can be also upgraded, further adding building block(s). Additionally, if suitably equipped with the required components (see Fig. 1 ), the (selected) S-BVT building block(s) can support polarization division multiplexing (PDM) [7] . This feature can be further exploited as additional S-BVT dimension, enabling increased flexibility and efficiency in terms of system and network resources. In fact, different data flows can be assigned to different polarization components according to the channel condition and network requirements.
SDN-Enabled S-BVT
According to the above described programmable parameters and features, the S-BVT enables advanced functionalities in an SDN. The S-BVT can be remotely programmed by means of an SDN agent, in charge of properly configuring each building block of the S-BVT. The agent maps the operations coming from the SDN controller into hardware-dependent operations. The SDN controller is responsible for the programming of the SBVTs via their agents. As shown in Fig. 1 , the S-BVT can be integrated in an optical network, where the SDN controller interacts with the active stateful PCE (Path Computation Element) for the dynamic provisioning of optical channels (delegating it to the underlying GMPLS control plane). The optical path and requested/supported rate are software-defined, according to the channel profile, transmission impairments and traffic demand; data flows are selectively filtered and switched to be suitably routed over the network.
SDN-enabled functionalities are the adaptability to multi-rate (multi-format) and multi-reach for an optimal spectrum usage. This also include the optimal path selection, that combined with slice-ability enables inverse multiplexing and defragmentation. In fact, the SDN-enabled multi-flow generation and routing/switching on the network allows slicing the aggregated flow at the S-BVT (as a pool of virtual transceivers) into multiple flows with lower capacity. Therefore, the traffic demand can be split into multiple flows routed via multiple independent paths to the same end-node (inverse multiplexing). Furthermore, the MCM fine granularity enables a subcarrier-based mitigation of spectrum fragmentation, without requiring a network re-optimization. Actually, thanks to hybrid tune-ability of optical carrier and adaptive subcarrier loading/allocation, the proposed S-BVT offers a unique granularity and grid adaptation, yielding a soft migration towards flexible technologies even in fixed-grid networks. All these SDN-enabled functionalities have been successfully demonstrated in the framework of the STRAUSS project [2] .
High-Resolution Spectral Monitoring as Multi-Adaptive Transmission Enabler
Monitoring information is used for performing a suitable network resource allocation and management, and can be also useful when configuring the S-BVT. The channel SNR profile per slice (required for adaptive multirate/format assignment, according to the target channel/path) is usually estimated in the electrical domain at the edge node (MCM self-monitoring). This requires an optical receiver front-end and the related DSP modules. In an SDN, a simpler, transparent and non-intrusive signal quality monitoring per subcarrier is desirable to be acquired in the optical domain at the nodes of the network. This way, the SDN controller can dynamically reconfigure the S-BVT parameters without any data reception/decoding. Given the fine granularity of the MCMbased S-BVT (typical subcarrier bandwidth of hundreds of MHz), the monitoring subsystem requires highresolution optical spectrum analysis capabilities. We have found that there is an almost linear correspondence between the optical SNR (OSNR) and the electrical/digital SNR per subcarrier for DD systems [8] , simplifying the SNR extraction from the optical spectrum data. According to this method, we have demonstrated that adaptive BL/PL is performed employing SNR measurements using high-resolution optical spectrum analysis, featuring an error of less than 10% in terms of (S)-BVT capacity [9] .
EXPERIMENTAL PLATFORM AND ASSESSMENT IN THE ADRENALINE TESTBED
The ADRENALINE testbed includes the EOS platform (Experimental platform for optical OFDM Systems), where an S-BVT with multiple slices or multiple BVTs can be set-up. Either DMT or OFDM, also with multiband schemes, can be implemented. Different DSP modules are available for adaptive loading, modulation based on alternative transforms (e.g. complex or real-valued FFT, FHT), digital mixing, channel SNR estimation, optimal equalization, self-performance monitoring and impairment compensation. Alternative optoelectronic front-end can be adopted, including those based on simple DD for cost-effectiveness issues. The S-BVT is integrated in a photonic mesh network (of the ADRENALINE testbed), controlled by a GMPLS with PCE control plane for the generation, routing and switching of multiple flows. The SDN agent to enable the dynamic SDN-based control of the S-BVT (and its advanced functionalities) has been designed and implemented [2] . Figure 3 shows the set-up and results for the transmission of two S-BVT slices over the ADRENALINE network. The performance of the two slices, with bandwidth occupancy of 20 GHz (S1) and 10 GHz (S2), has been evaluated at a target BER of 3×10 -3 . The maximum capacity per slice is above 50 Gb/s (back-to-back) using a DAC at 64 GSa/s and the maximum rate after a 2-hop path of 185 km is about 30 Gb/s [2, 5] . Results can be further improved by optimizing the modulation format/constellation and equalization choice [10] , as well as by increasing the number of slices (by adding S-BVT building blocks) or either adopting further dimensions to efficiently support multiple data flows, such as the polarization.
CONCLUSIONS
We have presented an S-BVT architecture based on MCM enabling multi-adaptive transmission in software defined optical networks. The S-BVT is capable to support multiple rate, format, reach and flow by a software defined configuration of each slice, which is selectively filtered, switched and routed over the network, according to the channel profile, transmission impairments and traffic demand. The transmission of multiple OFDM bands has been also discussed and a non-intrusive subcarrier monitoring technique provided as multiadaptive transmission enabler. Experimental assessment has been performed within the CTTC ADRENALINE testbed and recently obtained results have been reported.
